INTRODUCTION
============

Osteoarthritis (OA) is one of the most common chronic degenerative diseases worldwide and its prevalence increases with age \[[@B1][@B2]\]. Disruption of articular cartilage is the pathological feature of OA that causes loss of cushioning and increased friction between exposed condyles. These events may lead to chronic arthritic pain during weight bearing and physical activity because they usually arise at weight bearing joints, such as the hip and knees \[[@B2][@B3][@B4][@B5][@B6][@B7]\]. OA-induced pain has been considered a nociceptive pain that results from local tissue damage, but long-term inflammation in the synovial membrane of joints elicits subsequent modification of pain-transmitting neurons in the nervous system, which can cause a neuropathic pain condition \[[@B8]\].

The transient receptor potential vanilloid 1 (TRPV1), which plays important roles in the nervous system as a non-selective cation channel, a thermo-regulator, and a capsaicin receptor, has already been widely studied as a therapeutic target in several pathological pain conditions \[[@B9][@B10][@B11]\]. In particular, TRPV1 and calcitonin gene-related peptide (CGRP) expression is increased by abnormally sprouting C-fiber in the synovium of the knee joint in patients with OA and in a OA rodent model \[[@B12][@B13][@B14]\]. Thus, TRPV1 is a suitable target for a localized approach to minimize side effects in the management of osteoarthritic pain \[[@B12]\]. TRPV1 antagonists have been considered analgesics, although the fact that they cause hyperthermia may limit their effectiveness \[[@B13][@B15][@B16]\].

Resiniferatoxin (RTX), an ultra-potent TRPV1 agonist, is an alternative agent that may inhibit TRPV1 activity through channel desensitization \[[@B11]\]. In addition, it helps to relieve inflammation temporarily because it causes local hypothermia for 7 hours following injection \[[@B17]\]. It has been previously reported that intra-articular administration of RTX produced analgesic effects in a rat model of rheumatoid arthritis \[[@B18]\].

Therefore, we investigated whether intra-articular injection of RTX produced analgesic effects in the experimental OA rat model. Changes in pain behaviors and in CGRP expression in the spinal cord were assessed to evaluate the effects of intra-articular RTX treatment.

METHODS
=======

Experimental animal and Experimental OA pain model: Intra-articular injection of MIA
------------------------------------------------------------------------------------

Experiments were performed in accordance with Korea University guidelines and all animal protocols were approved by the Korea University Institutional Animal Care and Use Committee (KUIACUC-2010-180). Male Sprague-Dawley rats (220\~250 g, n=58; Orient Bio Inc., Seongnam, Korea) were used for this study. The animals were acclimated for at least 5 days prior to experiment. The rats were housed on a 12 h/12 h light/dark cycle (08:00\~20:00) and were given free access to water and food.

Arthritis was induced by monosodium iodoacetate injection dissolved in saline (MIA, 8 mg/50 µl; Sigma Aldrich, St. Louis, MO, USA) in the right knee joint cavity under 4% isoflurane (Ifran LIQ, Hana Pharm., Hwasung, Korea) anesthesia using a 28 gauge syringe directly through the synovial space under the patella tendon of the right knee joint. To check that MIA injection produced arthritis, the diameters of the right and left knee joints were measured before and after injections. The knee joint diameter was defined as the distance between the lateral and medial collateral ligament regions. The first set of MIA-induced OA rats (n=18 including saline injected rats) were used to measure the time course of pain behaviors (see the next section) for 6 weeks and to determine suitable timing for RTX administration.

Behavioral tests for arthritic pain
-----------------------------------

Behavioral tests were performed 1 day before (pre) and 4 hours, 1, 3, 5, 7, 10, 14 and 21 days after RTX treatment in OA rats. The investigator conducting the behavioral tests was blinded to the identity of the injected drug.

**Weigh bearing test:** Measurement of weight bearing was done using a weight bearing device that allowed for assessment of arthritic pain in freely walking rats \[[@B19]\]. This allowed for the measurement of weight load on each limb while the animal was walking through a path, the bottom of which was equipped with strain gauge weight sensors (DACELL, Cheongju, Korea). The output of each load cell was fed to a digital amplifier (DN-AM 310, DACELL, Cheongju, Korea) for appropriate amplification and filtering. The processed signal was sent to a personal computer via an analog-digital converter (PCM1716, Texas instrument, Texas, USA) and plotted as a time-weight curve using a software program we designed (WBT, Korea University, Seoul, Korea). The test was repeated until at least five time-weight curves were obtained for a given limb. Weight load borne by the ipsilateral limb was expressed as a percentage of weight borne by both hind limbs.

**Mechanical sensitivity:** The rats were placed in transparent plastic cages (28×28×10 cm) on a metal mesh floor, and a series of 8 different von Frey filaments (0.41\~15.10 g, Stoeling, Wood Dale, IL USA) was applied for 2\~3 seconds to the plantar surface of the ipsilateral hind paw. The threshold for eliciting withdrawal 50% of the time was determined using an up-down method \[[@B20]\] while initiating the experiment with a filament that had a strength of 2.0 g (4.31 mN). Stimuli were presented at intervals of several seconds. Interpolation of the 50% threshold was carried out according to the method of Dixon \[[@B21]\].

**Thermal sensitivity:** The withdrawal latency to heat stimulation was measured with the Hargreaves apparatus (Ugo Basile, Varese, Italy), which was recorded automatically when an animal paw escaped from an I.R. source (heat stimulator) by a sensor. A cutoff time of 15 seconds was applied to protect potential tissue damage. Each test was repeated three times and had 15 min interval between tests. Latencies from the three times were averaged \[[@B22]\].

Administration of RTX
---------------------

Timing of RTX injection (2 weeks after MIA injection) was determined based on the time course of pain behaviors after MIA injection. At that time, pain behaviors were fully developed and maintained for next 3 weeks. After MIA injection, each rat was randomly assigned to one of four groups (n=6 per group: 0.0003%, 0.003% and 0.03% RTX groups and vehicle group). The 1 mg of RTX (Sigma Aldrich, ST. Louis, MO, USA) was dissolved in 1 ml of 95% ethanol (stock solution) and then diluted in 0.9% saline with 3% tween 80 for each concentration. In a vehicle group, 30% ethanol with 3% tween 80 was injected. Doses of RTX were determined according to a previous report \[[@B18]\]. RTX was injected at a volume of 50 µl using a 28 gauge syringe into the right knee joint cavity under 4% isoflurane anesthesia. Bupivacaine (0.5%, 10 µl) was intra-articularly administrated 10 min before RTX injection to preclude the initial excitatory effect of RTX that has been previously reported \[[@B18]\].

Immunohistochemistry
--------------------

Animals were deeply anesthetized with sodium pentobarbital (50 mg/kg, IP) and perfused with 4% paraformaldehyde (pH 7.4). The segments of the spinal cord at lumbar 3\~5 were collected 5 days after RTX treatment in MIA-induced OA rats (*n*=4/group). After cryopreservation with 30% sucrose, tissues were embedded in optical cutting temperature (OCT) compound and then were sectioned at 14-µm thickness in a cryostat (HM550, Thermo Scientific, Walldorf, Germany). Sections were incubated with rabbit anti-CGRP (1:8000, PC205L, Merck Millipore, Darmstadt, Germany) for 48 hours at 4℃ and then incubated with biotinylated anti-rabbit IgG (BA-1000, Vector Laboratories, Burlingame, CA, USA) for an hour at 4℃. Sections were stained with 0.02% 3,3\'-diaminobenzidine (DAB, SK-4100, Vector Laboratories, Burlingame, CA, USA) adding 0.01% H~2~O~2~ for 4 min. Control experiments were performed without primary or secondary antibodies to identify the background signal levels. The stained sections were examined with a Leica DM 2500 (Leica Microsystems GmbH, Wetzlar, Germany) microscope, and images were captured with a Leica Camera DFC 450C (Leica Microsystems GmbH). The lamina I-III region of the spinal cord was selected and then measured densities of CGRP immunoreactivity using Scion image software.

Statistical analysis
--------------------

All values were expressed as the mean±SEM. All statistical tests were evaluated at an alpha level of 0.05. We used the Friedman repeated measures of analysis of variance (ANOVA) test followed by multiple comparison tests to analyze behavioral test results before and after MIA injection and RTX administration in the same animal. Comparison of the relative intensities of CGRP immunoreactivity between RTX treated groups and vehicle group was performed using a one-way ANOVA with Tukey\'s HSD post hoc test.

RESULTS
=======

MIA induced knee joint inflammation and pain behaviors
------------------------------------------------------

Knee joint diameters significantly increased after MIA injections ([Fig. 1A](#F1){ref-type="fig"}). The diameter was 10.6±0.5 mm before MIA injection. The increase in diameter reached its peak on the first day (15.7±1.2 mm) and gradually decreased. The diameter was 12.3±0.5 mm at 7 days after MIA injection and was maintained until the end of observation. Knee joint diameters were significantly increased compared to values obtained from control values up to day 42. Weight bearing was measured as the potential index of non-evoked pain \[[@B23][@B24]\]. Following MIA injection, rats tried to reduce the weight support on the ipsilateral hindlimb probably due to the pain and discomfort in the knee joint. Rats showed that they could not put weight on their ipsilateral hindlimb and had to hop to avoid pressure applied into the joint during the test. A weight bearing capacity of the ipsilateral hindlimb abruptly decreased in during locomotion and a slow recovery toward normal ([Fig. 1B](#F1){ref-type="fig"}). Weight bearing on the ipsilateral hindlimb was around 55% before MIA injection and was reduced to 37.7±1.7 % on the first day and worsened up to the fifth day after which it slowly recovered. Weight bearing was significantly different from control values up to day 35. Mechanical allodynia was well developed after MIA injection ([Fig. 1C](#F1){ref-type="fig"}). The paw withdrawal threshold (PWT) decreased to 6.6 g±2.5 g at day 1 and gradually decreased up to the end of the experiment, where the withdrawal threshold was 3.3 g±0.9 g. The paw withdrawal threshold was significantly reduced compared to pre-inflammatory control values. Paw withdrawal latency (PWL) to heat stimuli decreased after MIA injection to 6.8±0.8 seconds at day 1, which was not significantly different from pre-injection value, but differed from control values from day 7 onward ([Fig. 1D](#F1){ref-type="fig"}).

Effect of RTX on pain behaviors
-------------------------------

To test the analgesic effects of locally administered RTX into the knee joint cavity on chronic arthritic pain-like behaviors, such as reduction of weight bearing and paw withdrawal sensitivity to mechanical and thermal stimuli in MIA injected rats, RTX (0.0003%, 0.003% and 0.03% RTX) was injected 14 days after MIA injection. RTX injection timing was determined based on the results of MIA injection groups.

**Weight bearing:** Intra-articular RTX injection significantly reversed MIA-induced reduction of weight load in the ipsilateral hindlimb only in the highest dose (0.03%) group for 3 days ([Fig. 2A](#F2){ref-type="fig"}). RTX at a concentration of 0.003% appeared to improve the reduction of weight bearing, but these changes were not statistically significant. RTX at the smallest dose did not result in any changes in weight bearing ([Fig. 2A](#F2){ref-type="fig"}).

**Paw withdrawal sensitivity to mechanical stimuli:** Intra-articular RTX (0.03%, 0.003% and 0.0003%) produced a dose dependent elevation of the decreased PWT in the MIA-injected rats ([Fig. 2B](#F2){ref-type="fig"}). In detail, RTX at a concentration of 0.03% significantly increased PWT from 4 hours to 10 days compared to the value obtained pre-RTX injection, but PWT temporally reverted to pre-injection level at 1 day after injection. RTX at concentrations of 0.003% and 0.0003% significantly increased the PWT for 3 days compared to the pre-injection value. Rats that received intra-articular injection of bupivacaine alone were tested for 4 hours. The PWT was significantly elevated compared to the pre-injection value for 2.5 hours and then returned to pre-injection level. The first test point after RTX treatment in this study, 4 hours after the injection, was determined based on this result.

**Paw withdrawal sensitivity to heat stimuli:** All three doses of intra-articular RTX (0.0003%, 0.003% and 0.03%) showed a dose-dependent elevation of the decreased PWL by MIA. The PWL was significantly increased from 4 hours to 10 days in the 0.003% and 0.03% RTX-treated groups and for 3 days in the lowest dose (0.0003%) group ([Fig. 2C](#F2){ref-type="fig"}).

Change in spinal CGRP immunoreactivity after RTX injection
----------------------------------------------------------

CGRP was stained in the spinal segments of L3, L4 and L5 5 days after RTX administration. CGRP immunoreactivity was detected in the dorsal horn of the spinal cord ([Fig. 3A](#F3){ref-type="fig"}). All dosages of RTX decreased the CGRP immunoreactivity in a dose-dependent manner in the spinal segments except in the L4 spinal cord of the 0.0003% RTX treated group we observed ([Fig. 3B](#F3){ref-type="fig"}).

DISCUSSION
==========

The major finding of this study is that a single, intra-articular administration of RTX produces long-lasting analgesic effects in an experimental OA rat model. Localized injection of RTX into the knee joint cavity alleviated pain behaviors for 3\~10 days according to each pain behavior and decreased CGRP immunoreactivity in the dorsal horn of the spinal cord which was increased in the inflammatory condition.

In the present study, we used 8 mg of MIA which produced severe osteoarthritis in rats\' knees. Intra-articular injected monosodium iodoacetate (MIA) disrupts chondrocyte metabolism and produces cartilage degeneration through irreversible inhibition of a glycolytic enzyme, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) \[[@B25]\]. The MIA-induced severe osteoarthritis model is complicated by chronic inflammation and destruction of articulate \[[@B26]\]. Inflammatory exudation and synovial infiltration appear on the first day after intra-articular MIA injection \[[@B27]\]. At this time point in our study, the ipsilateral knee joint was excessively swollen. Swelling gradually subsided, but a difference compared to saline-injected rats was maintained. Continuous inflammation in the knee joint activates nociceptors and that leads to hyper-excitation of secondary neurons in the spinal cord, called central hypersensitivity \[[@B28][@B29]\]. Thus, drugs targeting the spinal cord can attenuate pain behaviors in the MIA model \[[@B30]\]. According to previous reports \[[@B31][@B32][@B33]\], sensory information in the knee joint is transmitted to the L3-5 spinal cord segments. Consequently, secondary hyperalgesia, such as increased mechanical sensitivity in the plantar surface of the hindlimb observed in this study, is manifested as a result of central sensitization. In addition, MIA destroyed subchondral bone and synovium resulting from MIA, as seen in OA in humans, is the most important factor in generating OA pain \[[@B25][@B34]\]. Thus, we assessed the weight load bearing during freely walking which reflects human OA pain in the ipsilateral hind limb \[[@B19]\]. Following MIA injection, weight bearing was significantly decreased in the ipsilateral hind-limb from 1 day after MIA. Paw hypersensitivity to mechanical and thermal stimuli was also increased at the same time.

Primary afferent nociceptors are divided into peptidergic and non-peptidergic neurons. In contrast to the non-peptidergic neurons, most of the peptidergic nociceptors express TRPV1 \[[@B35][@B36]\]. In osteoarthritic patients and rodents, abnormal sprouting of C-fiber, which is produced by neurogenic inflammation, is found at the synovium of the knee joint \[[@B12][@B14]\]. Density of CGRPimmunoreactive fibers is also increased at the ipsilateral side of the synovial compartments in the inflamed joint \[[@B14][@B37]\]. Thus, we tried to block activation of nociceptors in the knee joint by peripheral TRPV1 inhibition. A single injection of capsaicin causes initial neuronal excitation, but repeated application produces desensitization of TRPV1 resulting in analgesic effects \[[@B38]\]. On the other hand, RTX, which is almost 1000 times more potent than capsaicin, is strong enough to trigger agonist-induced desensitization, and is verified as a TRPV1 blocker in adults \[[@B11][@B39]\]. In addition, RTX is widely reported to have analgesic effects in several pathological pain conditions, including rheumatoid arthritis and neuropathic pain \[[@B40]\]. In this study, administration of a single dose of RTX into the knee joint alleviated non-evoked pain (weight bearing) as well as evoked pain (mechanical and thermal sensitivities), showing that a single peripheral RTX injection has long-lasting analgesic effects. The analgesic efficacy or duration of RTX on each pain behavior differs between pain behaviors. Only the highest dose of RTX increased mechanical and thermal sensitivities for 10 days, but it ameliorated weight bearing measurement for 3 days. At present, the source of this discrepancy is unknown, but the nature of each pain behavior may be at least in part responsible.

In this study, RTX increased mechanical PWT at 4 hours, and reverted on the next day (see [Fig. 2A](#F2){ref-type="fig"}). Although we cannot explain exactly why that was reverted, we speculate that local destruction of TRPV1 expressing fibers by RTX injection evokes inflammation. RTX destroys TRPV1 expressing fibers, which is almost C-fibers and 30% of A-fibers. Unlike withdrawal response to heat stimulation, withdrawal response to mechanical stimulation depends on unmyelinated fibers and myelinated fibers. However, further study is needed to clarify detailed mechanism.

Weight bearing measurement is considered to reflect non-evoked and walking-induced pain or discomfort \[[@B23]\]. Moreover, weight bearing on the ipsilateral limb is around 55% in normal rats and is decreased to 45% 14 days after MIA injection. Therefore, the margin of potential improvement in this pain behavior measurement is small. In contrast, paw withdrawal threshold to mechanical stimulation and paw withdrawal latency to heat stimuli represent behavioral signs of secondary hyperalgesia and evoked response to obvious external stimuli. Paw withdrawal threshold and latency in normal rats were around 15 g and 11 seconds, respectively and reduced to around 3 g and 6 seconds 14 days after MIA injection, respectively. Therefore, the margin of potential improvement in these pain behaviors is large.

Previous studies reported that spinal CGRP is increased in MIA induced OA rats \[[@B41][@B42]\]. In this study, we observed that increased CGRP expression in the dorsal horn of the lumbar spinal cord was decreased after intra-articular RTX injection. Capsaicin induced TRPV1 activation increases more calcium uptake and it causes CGRP release \[[@B43]\]. However, RTX is 1000 times stronger than capsaicin enough to destroy unmyelinated c-fiber containing TRPV1. Loss of these c-fiber interrupts the transmission of pain and inflammatory information \[[@B44]\]. Consequently, CGRP production in DRG reduces, and that leads to decreased CGRP-IR in the spinal cord. We predict that reduced peripheral nociceptive inputs by RTX leads to change the spinal excitation through reduction of CGRP release. In general, a deleted C-fiber would be re-innervated at the knee joint after an analgesic period. In this study, decreased pain behaviors were rekindled around 10 days after RTX treatment. This analgesic period is slightly shorter than examples in previous reports utilizing systemic or direct sensory ganglion injections \[[@B11][@B17]\].

Locally-administered RTX is more useful than systemic injection because it prevents the unnecessary deletion of C-fiber in the non-target tissues. OA prevalence is increased in elderly individuals, who are also more likely to take medication for other diseases. Therefore, local delivery of this drug may be beneficial to OA patients. However, the major problem with RTX treatment is acute toxicity. In our study, we blocked this using the local anesthetics, bupivacaine. It is critical to alleviate acute burning pain that can accompany RTX treatment, even if this drug produces long-lasting analgesic effects down the line. If this issue is resolved, local RTX treatment may be an effective solution to lighten the burden of osteoarthritis pain.
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![Changes in knee joint diameter (A), weight bearing distribution (B) and paw withdrawal responses to mechanical (C) or thermal stimuli (D) in the ipsilateral side of the hind paw after 8 mg of intra-articular MIA injection.\
Asterisks indicate the values that were significantly different from the value obtained in the pre-MIA injection period (P, p\<0.05). Data are expressed as mean±SEM.](kjpp-20-129-g001){#F1}

![Effect of intra-articular resiniferatoxin on weight bearing measurement (A), paw withdrawal responses to mechanical (B) and thermal stimuli (C) in the ipsilateral side of the hind paw following MIA injection.\
RTX was administrated 14 days after MIA injection. Asterisks indicate the values that were significantly different from the value obtained pre-RTX injection period (P). Data are expressed as mean±SEM.](kjpp-20-129-g002){#F2}

![(A) A representative section showing CGRP immunoreactivity in the dorsal horn of L3, L4 and L5 spinal cord.\
Transverse sections of the L3-L5 spinal cord segments were stained with anti-CGRP antibody in each group, scale bar: 200 µm. (B) Relative optical density of CGRP immunoreactivity in each group. Asterisks indicate the values that were significantly different between the RTX treated groups and MIA control group (p\<0.05).](kjpp-20-129-g003){#F3}
